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ABSTRACT

Disclosed are methods and devices for rapid parallel molecu-
lar affinity assays performed in a microfluidic environment.
The invention exploits hydrodynamic addressing to provide
simultaneous performance of multiple assays in parallel
using a minimal sample volume flowing through a single
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1
METHOD AND DEVICE FOR RAPID
PARALLEL MICROFLUIDIC MOLECULAR
AFFINITY ASSAYS

This application is a continuation of U.S. patent applica-
tion Ser. No. 12/444,385, filed Apr. 3, 2009, now U.S. Pat. No.
8,101,403, issued Jan. 24, 2012, which is the U.S. national
stage of PCT/US07/80479, filed Oct. 4, 2007, which claims
the benefit of U.S. provisional patent application No. 60/828,
127, filed Oct. 4, 2006, the entire contents of each of which
are incorporated herein by reference.

TECHNICAL FIELD OF THE INVENTION

This invention relates generally to methods and devices for
rapid parallel molecular affinity assays performed in a
microfiuidic environment. The invention exploits hydrody-
namic addressing to provide simultaneous performance of
multiple assays in parallel using a minimal sample volume
flowing through a single channel.

BACKGROUND OF THE INVENTION

Immunoassays take advantage of the specific binding abili-
ties of antibodies to be widely used in selective and sensitive
measurement of small and large molecular analytes in com-
plex samples. The driving force behind developing new
immunological assays is the constant need for simpler, more
rapid, and less expensive ways to analyze the components of
complex sample mixtures. Current uses of immunoassays
include therapeutic drug monitoring, screening for disease or
infection with molecular markers, screening for toxic sub-
stances and illicit drugs, and monitoring for environmental
contaminants.

Some assays have made use of laminar flow and diffusion
profiles of analytes complexed with binding particles (see,
e.g., U.S. Pat. No. 6,541,213 and U.S. Patent Application
2006/0166375, published Jul. 26, 2006). Such assays, how-
ever, are limited by their inability to provide for detection of
multiple analytes in a single sample and in a single fluidic
channel.

There remains a need for a device that allows for simulta-
neous performance of dozens of immunoassays in a mini-
mum of time using a minimum of sample volume and in a
minimal space. The invention described herein meets these
needs and more through the use of hydrodynamic addressing
and parallel flow.

SUMMARY OF THE INVENTION

The invention provides a method and assay device for
detection of an analyte in a fluidic sample. In one embodi-
ment, the device comprises:

(a) a microfluidic chamber having a first inlet;

(b) a first surface in communication with the first inlet,
wherein the first surface comprises a plurality of capture
regions;

(c) aplurality of capture agents immobilized on the capture
regions, wherein the capture agents specifically bind the
analyte;

(d) a reagent storage depot in communication via a single
fluidic channel with the first surface, wherein the storage
depot comprises a plurality of reagent regions; and,

(e) a plurality of detection reagents that specifically bind
the analyte and that become mobile upon contact with
fluid, wherein the detection reagents are disposed within
the reagent regions.
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The first surface can comprise a porous carrier, such as a
membrane or other porous structure, a flat surface, or other
structure to which the capture agents can be immobilized
while retaining the ability to be brought into contact with
analytes delivered via fluid passing over the first surface.

The reagent storage depot can comprise one or more cavi-
ties, and/or a polymeric compound immobilized on the
device. The storage depot is provided by stabilizing the
reagents in a solid state using, for example, a porous matrix
(e.g., a polymer, gel or soluble salt) that either swells on
contact with the fluid and releases the reagents or completely
dissolves thereby delivering the reagent. The storage depot
can also be provided by locating the detection reagents, in dry
form, in physical cavities, such that contact with fluid mobi-
lizes the reagents. In each embodiment, the reagent(s) is
immobile in its dry form and becomes mobilized upon con-
tact with fluid such that the reagent is delivered, upon mobi-
lization, to the first surface where it can react with the cap-
tured analyte.

In one embodiment, the storage depot comprises a porous
membrane that is aligned parallel to the first surface. The
device is well-suited to an embodiment having a first surface
in which the plurality of capture regions are arranged linearly
and perpendicularto the long axis of the single fluidic channel
that provides communication between the storage depot and
the first surface. The reagent regions are likewise arranged
linearly and perpendicular to the long axis of the single fluidic
channel, such that the linear arrangement of reagent regions is
parallel to the linear arrangement of capture regions. As fluid
traverses the single fluidic channel, flowing from the storage
depotto the first surface, reagents are mobilized in the reagent
regions and flow to the capture regions. The flow conditions
of'the channel are such that differing reagents disposed on the
reagent regions travel in parallel to corresponding capture
regions.

The device typically comprises a plurality of polymeric
layers. The polymeric layers can be used to devise the con-
figuration of inlets, channels, cavities and surfaces suitable
for a particular embodiment. In some embodiments of the
device, for example, a second inlet is provided in communi-
cation with the storage depot. The second inlet can be used to
deliver fluid to effect mobilization of the reagents stored in the
storage depot. Alternatively, the same fluid stream that deliv-
ers analyte to the first surface can also serve to effect mobi-
lization of the reagents stored in the storage depot.

In another embodiment, an outlet is provided in commu-
nication with the first surface. Such an outlet can be used, for
example, to draw fluid away from the first surface if desired.
Those skilled in the art can appreciate that the outlet allows
one to analyze the effluent or to draw oftf excess fluid prior to
delivery of a subsequent fluid stream, in addition to other
uses.

The device can further comprise one or more channels that
provide communication between the first inlet and the first
surface and/or between the second inlet and the storage depot.
In one embodiment, 3 channels provide communication
between the first inlet and the first surface. Multiple channels
from the inlet to the first surface, for example, can be used to
deliver multiple analytes, or, in a typical embodiment, three
channels are used to deliver one analyte sample and two
control samples (e.g., positive and negative controls).

The invention further provides a method of detecting the
presence of an analyte in a fluidic sample. The method typi-
cally comprises:
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(a) delivering a fluidic sample into the first inlet of a device
of claim 1 under conditions permitting contact between
the sample and the capture agents immobilized on the
first surface;

(b) contacting a single stream of fluid with the plurality of
detection reagents under conditions effecting migration
of the detection reagents to the first surface;

(c) detecting the presence of detection reagent bound to
analyte that is bound to the immobilized capture agents,
whereby presence of detection reagent is indicative of
the presence of the analyte.

In a typical embodiment, the delivering of step (a) com-
prises pumping the fluidic sample into the first inlet. The
method can further comprise delivering one or more control
samples via laminar flow into the first inlet. Where controls
are desired, step (a) comprises delivering one stream of a test
fluidic sample, one stream of a positive control fluidic sample,
and one stream of a negative control fluidic sample. In one
embodiment, the streams of fluidic sample are delivered via a
single channel. In another embodiment, the streams of fluidic
sample are delivered via separate channels. For example, a
3-channel embodiment can deliver test sample, positive con-
trol sample and negative control sample, each via a separate
channel. Alternatively, the 3 streams can be delivered in one
channel using controlled fluid pumping to avoid mixing of
streams.

In one embodiment, the contacting of step (b) comprises
pumping fluid into a second inlet that is in communication
with the reagent storage depot. The fluid is typically a buffer
and serves to mobilize the reagent so that it can contact and
bind analyte that has been immobilized on the first surface
upon binding capture agent. Those skilled in the art under-
stand that rinsing or washes can be used to clear out unbound
reagents between steps of the method.

In some embodiments, the delivering of step (a) provides
the contacting of step (b), whereby the fluidic sample, upon
contact with the detection reagents, effects migration of the
detection reagents. In other words, steps (a) and (b) can be
accomplished with a single stream of fluidic sample. Those
skilled in the art can appreciate design arrangements for the
device that would facilitate implementation of such an
embodiment. For example, the reagent regions can be posi-
tioned between the first inlet and the capture regions.

In a typical embodiment, the capture agents and the detec-
tion reagents comprise antibodies and/or antigens. In some
embodiments, the contacting of step (b) further comprises
delivering to the first surface an amplification reagent that
binds to the detection reagents. The detection reagents are
labeled, either directly or indirectly, and the detectable signal
can be provided or amplified using known techniques and
materials.

Detection of signal can be achieved by a variety of means
known in the art, including but not limited to, measuring an
optical property such as optical absorbance, reflectivity, opti-
cal transmission, chemiluminescence or fluorescence. In
some embodiments, signal can be detected by eye. Optical
readers are preferred when a quantitative measurement is
desired.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A: Schematic design of version 1 of the polymeric
disposable in which the secondary reagents are contained
within cavities in the disposable. Two sets of fluid inlets are
located at the right and left ends of the disposable as well as a
single outlet path below the embedded membrane (center),
which is loaded with molecules.
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FIG. 1B: Close-up of'the central portion of the same image
as in FIG. 1A.

FIG. 1C: Cut-away view of the same device (central por-
tion) as in FIGS. 1A and 1B, showing the relative locations of
the different layers, the capture membrane and the secondary
reagent depots. The exit port for the device is below the
membrane, and fluid exits to the right.

FIG. 2: Schematic of the minimal set of structural layers
required to assemble version 1 of the immunoassay device.

FIG. 3: Schematic of assembled immunoassay device with
three inlet holes on the right, one on the left, and one outlet
hole invisible below the porous membrane. Secondary anti-
bodies are printed on a membrane (left column of dots) with
three cycles of the same set. Capture membrane (right column
of dots) is spotted or striped with capture antibody and
blocked. The relative locations of 4 valves are indicated along
the bottom of the figure.

FIG. 4: Schematic illustration of how buffer is used to wet
out the device from the right. Step 1 involves closing valves 2
and 3, opening valves 1 and 4. Buffer is pumped from the right
(valve 4 to valve 1) to wet out both membranes. Valve at left
is closed and pumping stopped.

FIG. 5: First version of sample load. In version 1, step 2
comprises pumping in sample from the right, with valves 1
and 2 closed. Sample exits below the membrane via an outlet
not shown here. No flow over the secondary antibody mem-
brane, which antibodies do not diffuse away because of high
molecular weight.

FIG. 6: Illustration of how, in the second version of the
sample load, everything is the same as in the previous version,
except that laminar flow is used to flow 2 or 3 different
solutions across the capture reagent membrane. With valves 1
and 2 closed, three solutions are pumped in: sample, positive
control (all analytes at high levels), and negative control (no
sample antigens). No flow over the secondary antibody mem-
brane, which antibodies do not diffuse away because of high
molecular weight.

FIG. 7: Ilustrates the rinse. Valves 1 and 2 are closed; 3 and
4 are open. Rinse with buffer to remove excess sample from
membrane.

FIG. 8: Illustrates the loading of secondary antibodies.
Close valves 1 and 4; pump buffer from valve 2 to 3, pushing
2° antibody from left membrane through the one at the right.
Continue until sufficient 2° antibody is transferred to capture
zones.

FIG. 9: Tllustrates the rinsing of secondary antibodies.
Using fluids from either valve 1 or 2 (with valve 3 open and 4
closed), flush until all excess secondary antibody is pushed
through capture membrane. Detect (if this is Au-labeled anti-
body, for example) by measuring optical density of spots.
Assay is complete.

FIG. 10: Illustrates a detection step. This and further steps
are only necessary if using an amplification step. Pump sec-
ondary reagent from right at slow rate. Positive controls and
positive sample spots darken over a few seconds to minutes.

FIG. 11: Schematic of version 2 of the device and system.

FIG. 12: Schematic of the minimal set of structural layers
required to assemble version 2 of the immunoassay device as
shown in FIG. 11.

FIG. 13: Assay results showing the decrease in signal (from
left to right) seen as the analyte concentration in the sample
decreases. The analyte is Plasmodium falciparum Histidine-
Rich Protein II, or PtHRP2. The red spots (upper 6 rows)
show the results generated using an antibody-conjugated gold
particle as a detection molecule; the blue spots (lower 2 rows)
use an enzyme-conjugated antibody as the detection mol-
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ecule, followed by an enzyme substrate that becomes a blue
precipitate in the presence of the enzyme.

FIG. 14: Diagram of mini-vacuum format.

FIG. 15A-B: A self-contained microfluidic format, con-
sisting of a laminate device in which connecting fluidic chan-
nels are formed, a membrane patterned with capture mol-
ecules, a porous pad containing dried detection reagent, and
an external fluid-pumping and imaging system. The multiple
fluid inlets are each fed by separate pumps in this preliminary
design, sidestepping the need for valves. The device is pic-
tured as a diagram (FIG. 15A) and photograph (FIG. 15B) of
two revisions of the design.

FIG. 16 A-B: Functional schematic (FIG. 16A) and CAD
design (FIG. 16B) for assay card with single fluid inlet to the
reaction chamber (the location of the assay membrane).

FIG. 17A: Functional schematic of assay card shown in
FIG. 17B.

FIG.17B: CAD design of assay card with multiple inlets to
reaction chamber.

FIG. 18: Two capture reagents patterned in two 4x4 arrays
on a membrane. On the left, a PtHRP2 capture molecule is
patterned; on the right, an aldolase capture molecule.

FIG. 19: Five sequential frames from a video of a dry-
reagent pad being rehydrated.

FIG. 20: Three frames from a video of an assay showing (1)
sample introduction to membrane; (2) rehydrated conjugate
introduced to membrane; and (3) capture spot labeled by
conjugate.

FIG. 21: Images indicating steps of automated optical mea-
surement. On the left, four separate registration marks are
identified in an image; on the right, the analyzed image (cap-
tured by a flatbed scanner, 48-bit bRGB, 3200 dpi) with
simulated blue registration marks and red assay spots, the
location of each marked with an “X.”

OVERVIEW OF THE INVENTION

The invention relates to a method and device for perform-
ing rapid molecular binding assays, including immunoas-
says, and in particular, sandwich immunoassays. The method
involves binding a plurality of primary capture reagents to a
plurality of locations on a porous membrane, placing a
matched set of secondary (or detection) binding molecules in
a line of cavities or on a porous membrane aligned parallel to
the reagent storage locations, but separated by a gap, and a
method for sandwiching the analyte in question between
them using laminar flow in a microfluidic device. The sample
is loaded onto the first membrane by pumping it through said
first membrane, where sample analyte molecules become
bound to the capture molecules immobilized on that mem-
brane. Fluid is then pushed past the storage depot line or
through the second membrane to release the secondary cap-
ture molecules and transport them to the first membrane to
“sandwich” the analyte molecules. Detection is then possible
by either directly (if the secondary capture molecule is
directly observable (such as a fluorescently- or Au-labeled
secondary antibody) or indirectly (using for example, second-
ary antibodies labeled with enzymes such as horseradish per-
oxidase (HRP) followed by flow over the first membrane of a
solution producing an observable signal, such as precipitat-
able tetramethylbenzidine (TMB).

The device allows the simultaneous performance of dozens
of immunoassays (as well as positive and negative control
reactions) in a minimum of time using a minimum of sample
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volume and in a minimal space. Reading the results of the
immunoassays may either be made directly (by eye), or with
the aid or a quantitative optical reader. Conventional off-the-
shelf reagents can be used to minimize cost. It is particularly
well adapted for performance of multiple immunoassays on
an inexpensive polymeric disposable device that may be read
out directly or using an optical reader.

Applications of the Invention

The invention disclosed herein is a design for a molecular
binding assay (and a method of using that design). This assay
system is well suited to use as the basis of immunoassays such
as “sandwich immunoassays”. Although the reagents and
assays are referred to herein as immunoassay reagents and
immunoassays, respectively, it is understood by those skilled
in the art that a device that could perform any other assay
(based on proteins, aptamers, nucleic acids, or other mol-
ecules) that involves molecules capable of binding to each
other would fall under the scope of this invention.

In a typical embodiment of this assay, the device is fabri-
cated from inexpensive polymeric components combined
with porous membranes capable of binding to and immobi-
lizing capture reagents such as capture immunoassays or
target antigens, depending on the format of the immunoassay.
The arrangement allows for storage of both capture reagents
and secondary reagents in dry form on the polymeric microf-
luidic device, thereby creating a self-contained disposable
that can be used with or without a reader technology. By
allowing the storage of multiple reagents in parallel, the dis-
posable can be made to perform multiple immunoassays in
parallel, as well as perform measurements of multiple analyte
concentrations in samples, positive control solutions, and
negative control solutions simultaneously. The assay assumes
laminar flow conditions in all components, and microfluidic
dimensions.

The immunoassay format can be manufactured very inex-
pensively, such that a polymeric disposable is suitable for use
in point-of-care assays. Optical detection methods (optical
absorption, diffuse reflectance absorption, or fluorescence)
are typically utilized, although other methods are not
excluded. The assays can operate in a simple qualitative yes/
no fashion, or in a quantitative manner (using, for example, a
quantitative optical reader). Detection of the optical signal
indicating the binding of the analyte can be performed in
either of two well-understood ways: One version involves the
use of an optically detectable secondary antibody, such as an
antibody bound (covalently or noncovalently) to colored
microspheres, fluorescent molecules or nanoparticles, or
strongly absorbing dyes of nanoparticles (such as gold nano-
particles). In a more sensitive version, the assay is an ELISA
assay, in which the secondary antibody is labeled with an
enzyme, and the final step after binding of the secondary
antibody to the analyte is exposure of the enzyme-loaded
capture membrane with a “developing solution”; examples
are to be taken from the list of all known ELISA systems,
including any of several commercially available horseradish
peroxidase/precipitating tetramethylbenzidine systems.

A likely application for such a disposable (with or without
use of a quantitative reader) is a point-of-care immunoassay
system for use in the developing world, although use as an
inexpensive point-of-care diagnostic system is also possible.
The disposable polymeric immunoassay system can be
coupled to other types of assays in a single integrated device.
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DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS OF THE INVENTION

Exemplary versions of the device are described. The first is
shown in FIG. 1A.

The device can be fabricated from seven polymeric layers.
A representative example of a multiple polymeric layered
device is shown in FIG. 2.

A schematic of the minimal set of structural layers required
to assemble version 1 of the immunoassay device (of FIG.
1A) is shown in FIG. 2. The layers are numbered in order of
assembly. Layers 1, 4 and 8 are just C (carrier) layers (plain
sheets of an appropriate polymer such as Mylar, PMMA, or
others), whereas layers 2 and 7 are ACA (adhesive, carrier,
adhesive) layers. Layers 3 and 6 are AC layers, with adhesive
on one side that serve to seal layer 5, the membrane, in place.
Layer 1 is the top cover of the device, and must consist of a
clear (optically transparent) material to allow optical obser-
vation of the layer 5. Layer 2 is the main fluid cavity. Layer 3
is the “floor” of the main fluid cavity, which contains a (here
large and rectangular) hole for fluid outflow, as well as a
multiplicity of storage depots for storage of secondary
reagents. These secondary reagents can be placed into the
storage depots as one of the last steps of assembly of the
polymeric device. Layer 4 is the cavity that localizes the
permeable membrane. Layer 5 consists of a permeable mem-
brane onto which capture molecules are immobilized prior to
final assembly of the device, and which is placed within the
rectangular cavity in layer 4. The deposition of the different
capture molecules onto layer 5 can be in any form, but are
shown here as circular spots. Layer 6 supports the permeable
membrane. Layer 7 collects all flow through the membrane to
a single port. Layer 8 is the floor of the device and couples to
inlets and outlets for the device. Note that, in this schematic,
the right side of all layers (but 5) are shown with two holes. In
the schematic below either one hole or three are used, as
explained below. Note that further embodiments of the device
can be assembled in part using injection molded parts to
reduce the part count and reduce fabrication costs.

Shown in FIG. 3 is an operation sequence for version 1 of
the device as shown in FIGS. 1A and 2. In this schematic, the
assembled device has three inlet holes on the right, one on the
left, and one outlet hole invisible below the porous mem-
brane. The cavity is designed in such a way that fluid entering
the main cavity is “fully developed”, and, therefore, flowing
almost exclusively horizontally and at the same horizontal
velocity top to bottom (as shown in this figure) by the time it
reached either the membrane from the right, or the secondary
reagent storage depots from the left.

Asillustrated in FIG. 4, buffer is used to wet out the device
from the right. Such a process proceeds with the exit below
the device closed, so that almost all fluid flows from right to
left. This wets the secondary reagent storage depots, neces-
sitating that they begin to hydrate and dissolve. The high
molecular weight of the secondary reagents prevents them
from diffusing appreciably in the vertical direction (as shown
in this figure) during the complete operation of the device. If
it necessary to minimize vertical diffusion, the capping layer
(layer 1 in FIG. 2) can be manufactured with fins that fit
between the secondary reagent storage depots. The wet-out
pushes minimum fluid through the membrane.

FIG. 5 illustrates a first version of sample load. In the
simplest case, the valves “below” the left side of the device
are closed and the sample is pumped in through a single inlet
from the right, forcing the sample to flow through the semi-
permeable membrane.

20

30

40

45

50

55

8

In the second version of the sample load (FIG. 6) every-
thing is the same as in the previous version, except that
laminar flow is used to flow 2 or 3 different solutions across
the capture reagent membrane. One of these is the sample, but
the other two are positive and negative controls (meaning
solutions, presumably buffer, containing a high concentration
of'each analyte to be measured, and no analytes, respectively.)
Under laminar flow conditions, only a controlled amount of
interdiffusion between the streams occurs before they arrived
atthe capture membrane, and since flow then goes through the
membrane, three distinct zones are maintained with respect to
capture of analytes. This allows “real time calibration” of the
immunoassay with a very simple format.

As shown in FIG. 7, in either case, buffer is flushed from
the right (with the valve under the left side closed) to clear
excess (free) analyte from the device and flush the capture
membrane.

The secondary reagent (2° Ab, for example) is then loaded
onto the analyte molecules that are bound to the capture
membrane (via the capture molecules) by pumping buffer
from the left inlet (with all the right inlet valves closed; see
FIG. 8). This continues until all of the 2° Abs are transferred.
Laminar flow (or channels or fins, if necessary) will ensure
that the appropriate 2° Abs are transported to the appropriate
capture molecule regions on the membrane.

The remaining 2° Ab is rinsed from the system to ensure
that all capture zones receive equivalent doses of that reagent
(FI1G. 9). If a directly observable secondary reagent (such as a
gold-labeled or fluorescently-labeled 2° Ab) is used, it is
possible to observe and quantify the intensity of the observ-
able signal on the appropriate locations of the capture mem-
brane to measure analyte concentrations. If not, the detection
method shown in FIG. 10 is used.

Assuming that an enzyme-labeled 2° Ab is used as the
secondary reagent, a separate detection step is employed
(FIG. 10). In this case the left-most valve is closed and a
solution of a detection reagent is pumped from the right and
through the membrane at a controlled rate. Spots then become
observable as product built up. An example of a system that
has proven useful in this regard is the horseradish peroxidase/
precipitating tetramethylbenzidine system, although many
other ELISA detection schemes have been demonstrated and
could be used here. Those that produce a precipitated product
are preferred because of the build-up of signal possible on the
membrane over time and pushing of reagents through the
membrane, but non-precipitating systems can also be used.
Alternatively, other detection reagents can be stacked on top
of the 2° Ab layer to produce strong signals using fluores-
cence or optical absorbance.

The above-mentioned scheme relies on the deposition of
the secondary reagents onto an impermeable surface to form
depots for subsequent movement to the capture membrane.
An alternative that allows the use of technology demonstrated
in other types of assays is to use a second permeable mem-
brane as the depot for the 2° Abs, allowing these reagents to be
preloaded into a membrane before assembly of the card, and
washed out of this membrane by flowing buffer up through
the membrane. The preliminary design is shown in FIG. 11.
This design allows all the reagents to be printed onto large
sheets of membrane using commercial printing mechanisms
for great simplification of manufacturing and, thereby, cost
savings. Furthermore, the secondary reagent membrane can
be prepared in the same way as the secondary reagents are in
lateral flow immunoassay devices (immunochromatographic
test strips).

Shown in FIG. 11 is a schematic of version 2 of the device
and system,; it is very similar to that shown in FIG. 1A, except
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that the 2° Ab storage is now on a permeable membrane that
sits in a cavity like that for the capture membrane, there is a
second channel below the second membrane (which is an
inlet, not an outlet) and the 2° Ab spots are deposited (in a
matrix of preserving chemicals) on the second membrane (at
left). The second membrane is of a type with no or very low
protein retention.

Schematic of the minimal set of structural layers required
to assemble version 2 of the immunoassay device as shown in
FIG. 11. The layers are numbered in order of assembly and
have the same characteristics as those mentioned in version 1
above. Layer 3 is the “floor” of the main fluid cavity, which
contains 2 (here large and rectangular) holes for fluid passage.
Layer 4 contains the cavities that localize the permeable
membranes. Layer 5 consists of a two separate (and different)
permeable membranes. The one onto which capture mol-
ecules are immobilized prior to final assembly of the device is
identical to that described in version 1 (FIGS. 1A and 2). The
one at the left is for storage of the 2° reagents (e.g., Abs). Both
sets of reagents are “spotted” or “striped” onto the mem-
branes and dried prior to insertion into their respective cavi-
ties in layer 4. Layer 6 supports the permeable membranes.
Layer 7 now has two separate cavities for controlling flow in
the vicinity of the membranes. The one at right is identical to
that in version 1, and collects all flow through the membrane
to a single port. The new cavity at left delivers fluid flow to the
2° reagent storage membrane at left, as described below.
Layer 8 is the floor of the device and couples to inlets and
outlets for the device.

Reference is made to FIGS. 3-10 for a usage sequence for
version 2 that is similar to that described above for version 1.
Note that in step 4 (2° Ab loading) of version 2 (FIG. 8), the
flow of fluid is up through valve 1 and the 2° Ab storage
membrane and over to and down through the capture mem-
brane. Using fluids from either valve 1 or 2, (with valve 3 open
and 4 closed) flush until all excess secondary Ab is pushed
through capture membrane is shown in FIG. 9. The next step
is to detect (if this is Au-labeled Ab, for example) by measur-
ing optical density of spots.

The 6” and further steps are necessary only if using an
amplification step (FIG. 10).

Representative Formats Used for Assay Development

A. 96-well plate vacuum manifold—BioDot

The BioDot vacuum manifold is suitable for testing of the
flow-through immunoassays of the invention. It consists of 96
individual, open-bottom wells and a vacuum plenum that
applies a low pressure below each well. Between the wells
and the plenum is placed a porous membrane, patterned with
capture molecules against analytes of interest. Reagents such
as the sample, washing buffers, and detection molecule are
added sequentially to the wells and drawn through by the
applied vacuum. Pictured is an example of the assay results.
Each circle in the grid lies underneath a single well and
represents a unique set of assay conditions.

The assay results presented in FIG. 13 show the decrease in
signal (from left to right) seen as the analyte concentration in
the sample decreases. The analyte is Plasmodium falciparum
Histidine-Rich Protein II, or PIHRP2. The red spots (first 6
rows) show the results generated using an antibody-conju-
gated gold particle as a detection molecule; the blue spots
(last 2 rows) use an enzyme-conjugated antibody as the detec-
tion molecule, followed by an enzyme substrate that becomes
a blue precipitate in the presence of the enzyme.

B. Mini-Vacuum

A similar format to the 96-well plate is the mini-vacuum or
“minivac” format. It also uses an applied vacuum to draw
fluid from a reservoir through a membrane. The reservoir in
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this case addresses a larger area of membrane, and the mem-
brane is supported by a metal mesh. Pictured in FIG. 14 is a
diagram of the format. The mesh is depicted in the inset.

C. On-Card Assay—Dry Reagent

The assay can be run in a self-contained microfluidic for-
mat, consisting of a laminate device in which connecting
fluidic channels are formed, a membrane patterned with cap-
ture molecules, a porous pad containing dried detection
reagent, and an external fluid-pumping and imaging system.
The multiple fluid inlets are each fed by separate pumps in
this design, sidestepping the need for valves. The device is
pictured in FIG. 15A-B as a diagram (15A) and photograph
(15B) of the design.

With respect to FIG. 15A, the self-contained microfluidic
format consists of a laminate device 150 in which connecting
fluidic channels are formed by a sample loop 152 that is met
by a second channel 155 delivering mobilized reagents. Their
contents combine into a single channel 130 through the mem-
brane 153. The device 150 also includes air vents 160, a
membrane 153 patterned with capture molecules, a porous
pad 156 containing dried detection reagent, and an external
fluid-pumping and imaging system (not shown; representa-
tive example is microFlow™ System available from Micron-
ics, Redmond, Wash.). The multiple fluid inlets include a
sample inlet 151 and a second inlet 154, each fed by separate
pumps in this design, sidestepping the need for valves. The
second inlet 154 is used to introduce fluid that is directed to
the conjugate pad 156 via second channel 155 that feeds into
the sample loop 152 before it enters reaction chamber 169 and
contacts the membrane 153. A bubble vent 157 can withdraw
bubbles from the sample loop 152 and an outlet 158 exits the
reaction chamber 169 via waste line 159.

D. On-Card Assay—Wet Reagent

More sophisticated valved devices have been developed
for controlling fluid motion from a single pump. Pictured in
FIGS. 16B and 17B are two alternate designs for the assay
cards. They include reagent reservoirs for liquid reagents
instead of the dried reagent pads described in part C above.

FIG. 16A-B depicts a functional schematic (16A) and
CAD design (16B) for assay card with single fluid inlet to the
reaction chamber (the location of the assay membrane). With
respect to FIG. 16B, air vents 160 are positioned in waste
reservoirs 161, 162, and a bubble vent 163 is provided for
priming. Valves 170 disposed throughout provide control
points, such as between pipette loading vents 164 and reagent
reservoirs 165-168, between pipette loading points 172 and
reagent reservoirs 165-168, and between reagent reservoirs
165-168 and reaction chamber 169, as well as between pumps
174, 176 and reaction chamber 169.

FIG. 17B depicts a CAD design of assay card with multiple
inlets to the reaction chamber.

Representative Results

A. Plurality of Capture Reagents Patterned on Porous Sub-
strate

Pictured in FIG. 18 is an example of two capture reagents
patterned in two 4x4 arrays on a membrane. On the left, a
PfHRP2 capture molecule is patterned; on the right, an aldo-
lase capture molecule. Both PfHRP2 and aldolase were intro-
duced to the system, followed by a gold-conjugated antibody
against PfHRP2, an enzyme-conjugated antibody against
aldolase, and an enzyme substrate. The PfHRP2 capture
regions thus can be seen in red (left array) while the aldolase
capture regions appear blue (right array). This assay was run
in a simplified wet-reagent on-card assay.

B. Rehydration of Secondary Reagent Stored in Dry Form

Pictured in FIG. 19 are five frames from a video of a
dry-reagent pad being rehydrated. Fluid moves from left to
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right. Apparent is the lightening of the pad to its original white
color as red fluid—the dried gold-antibody conjugate—
passes out the channel. The reagent’s functionality is seen in
the following section C.

C. Storage Depot in Communication with Assay Substrate

Following from section B above, the rehydrated gold-an-
tibody conjugate is used in an on-card assay, using the card
design pictured in FIG. 15B. In this assay, the following steps
are performed:

1. Analyte-containing sample is injected into the sample

loop.

2. Buffer fluid pushes the sample from the sample loop
through the membrane.

3. Buffer washes unbound sample components from the
membrane.

4. Buffer rehydrates the gold-antibody conjugate stored in
the conjugate pad, and the air ejected is pulled into a
bubble vent line.

5. Gold-antibody conjugate is passed through the mem-
brane, binding to the captured analyte.

6. Buffer washes unbound conjugate from the membrane.

Frames from a video of the assay are pictured in FIG. 20. In
the first frame, sample is introduced to membrane. In the
second frame, rehydrated conjugate is introduced to mem-
brane. In the third frame, the capture spot is labeled by con-
jugate.

D. Optical Detection of Assay Results

Optical measurement of assay results has been performed
using several methods.

Images have been captured by both a flatbed scanner (48-
bit RGB, 3200 dpi) and a USB “webcam.” The assay results
from captured images can be quantified by measuring the
pixel count in one or more of the color channels. This mea-
surement has been assisted by a semi-automated measure-
ment process that involves user-selection of several reference
spots in a grid of assay capture regions, followed by auto-
mated detection of the other spots in the grid. Additionally, it
is possible to automatically detect registration marks such as
the blue dots (4 corners on right array of FIG. 21), and then
use these locations to define the locations of the assay spots of
interest. The image here shows the four detected registration
marks and the 12 detected assay spots (each marked with an
“x”). The intensity of the spot correlates with the amount of
analyte present in the sample.

Throughout this application various publications are refer-
enced. The disclosures of these publications in their entireties
are hereby incorporated by reference into this application in
order to describe more fully the state of the art to which this
invention pertains.

From the foregoing it will be appreciated that, although
specific embodiments of the invention have been described
herein for purposes of illustration, various modifications may
be made without deviating from the spirit and scope of the
invention. Accordingly, the invention is not limited except as
by the appended claims.

What is claimed is:

1. An assay device for detection of an analyte in a fluidic

sample, the device comprising:

(a) a microfluidic chamber comprising a single fluidic
channel having a first inlet, an outlet, and an axis;

(b) a first surface in communication with the first inlet and
the outlet, wherein the first surface is disposed within the
single fluidic channel and wherein the first surface com-
prises a plurality of capture regions, wherein the capture
regions are upstream of the outlet;
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(c) a plurality of capture agents immobilized on the first
surface within the capture regions, wherein the capture
agents specifically bind the analyte;

(d) areagent storage depot in communication via the single
fluidic channel with the first surface, wherein the storage
depot is disposed within the single fluidic channel and
wherein the storage depot comprises a plurality of
reagent regions aligned with corresponding capture
regions;

(e) a plurality of detection reagents that specifically bind
the analyte and that become mobile upon contact with
fluid, wherein the detection reagents are disposed within
the reagent regions, and wherein fluid traverses from the
plurality of reagent regions to corresponding capture
regions in parallel with the alignment of the reagent
regions to the corresponding capture regions.

2. The device of claim 1, wherein the first surface com-

prises a porous carrier.

3. The device of claim 1, wherein the storage depot com-
prises one or more cavities.

4. The device of claim 1, wherein the storage depot com-
prises a polymeric compound immobilized on the device.

5. The device of claim 1, wherein the storage depot com-
prises a porous membrane.

6. The device of claim 1, further comprising a second inlet
in communication with the storage depot.

7. The device of claim 6, further comprising a valve dis-
posed between the second inlet and the first surface and/or
between the second inlet and the storage depot.

8. The device of claim 1, wherein the capture agents and the
detection reagents are in dry form.

9. The device of claim 1, which comprises a plurality of
polymeric layers.

10. The device of claim 1, wherein the plurality of reagent
regions is aligned in parallel with the plurality of capture
regions and perpendicular to the axis of the single fluidic
channel.

11. The device of claim 1, wherein the reagent regions
comprise differing detection reagents that travel in parallel
when fluid traverses from the plurality of reagent regions to
the corresponding capture regions under laminar flow condi-
tions.

12. A method of detecting the presence of an analyte in a
fluidic sample, the method comprising:

(a) delivering a fluidic sample into the first inlet of a device
of claim 1 under conditions permitting contact between
the sample and the capture agents immobilized on the
first surface;

(b) contacting a single stream of fluid with the plurality of
detection reagents under conditions effecting migration
of the detection reagents to the first surface;

(c) detecting the presence of detection reagent bound to
analyte that is bound to the immobilized capture agents,
whereby presence of detection reagent is indicative of
the presence of the analyte.

13. The method of claim 12, wherein the delivering of step

(a) comprises pumping the fluidic sample into the first inlet.

14. The method of claim 12, further comprising delivering
one or more control samples via laminar flow into the first
inlet.

15. The method of claim 14, wherein step (a) comprises
delivering one stream of a test fluidic sample, one stream of'a
positive control fluidic sample, and one stream of a negative
control fluidic sample.

16. The method of claim 15, wherein the streams of fluidic
sample are delivered via a single channel.
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17. The method of claim 15, wherein the streams of fluidic
sample are delivered via separate channels.

18. The method of claim 12, wherein the contacting of step
(b) comprises pumping fluid into a second inlet that is in
communication with the reagent storage depot. 5

19. The method of claim 12, wherein the delivering of step
(a) provides the contacting of step (b), whereby the fluidic
sample, upon contact with the detection reagents, effects
migration of the detection reagents.

20. The method of claim 12, wherein the capture agentsand 10
the detection reagents comprise antibodies and/or antigens.

21. The method of claim 12, wherein the contacting of step
(b) further comprises delivering to the first surface an ampli-
fication reagent that binds to the detection reagents.

22. The method of claim 12, wherein the detecting com- 15
prises measuring an optical property selected from optical
absorbance, reflectivity, optical transmission, chemilumines-
cence or fluorescence.
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